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ABSTRACT: Non-peripherally hexyl-substituted metal-free abgnzoporphyrin (2H-TBP1a)
tetrabenzomonoazaporphyrin (2H-TBMARPRg), tetrabenzais-diazaporphyrin (2H-TBDAP3a),
tetrabenzotriazaporphyrin (2H-TBTARg) and phthalocyanine (2H-P%4) as well as their copper
complexes Ib-5b) have been synthesized. As the numbanes nitrogen atoms increases from
0 to 4,Amax Of the Q band absorption peak becomes red-shiyealmost 100 nm and extinction
coefficients increased at least three-fold. Sirmdtausly the blue-shifted Soret (UV) band
substantially decreased in intensity. These changee related to the relative electron-density of
each macrocycle expressed as the group electraviggatim of allmeso N and CH atom groups,
2Xr. X-ray photoelectron spectroscopy (XPS) differatetil between the three different types of
macrocyclic nitrogen atoms (thenMr, (NH)inner and Nhesg atoms in the metal-free complexes.
Binding energies of the MNsoand Naner,cu@toms in copper chelates could not be resolvedpé&o
insertion lowered especially the cathodic redoxepbéls while all four observed redox processes
occurred at larger potentials as the numbemed nitrogens increased. Computational chemical
methods using density functional theory confirmidxdto exhibit a Cu(ll) reduction prior to ring-
based reductions while f@b, Cu(ll) reduction is the first reductive step oiflyhe non-peripheral
substituents are hydrogen. When they are methylpgroit is the second reduction process; when
they are ethyl, propyl or hexyl, it becomes thedheductive process. Spectro-electrochemical
measurements showed redox processes were assaeititedsubstantial change in intensity of at

least two main absorbances (the Q and Soret bantt® UV spectra of these compounds.

Keywords: phthalocyanine, tetrabenzoporphyrin, cyclic voltaetry, spectro-electrochemistry,

DFT, substituent effects, electronic spectra, Xyhgtoelectron spectroscopy.



1. Introduction

Phthalocyanines (Pcs) belong to a man-made classacfocyclic compoundshat have
found widespread applications as industrial catsf/sommercial colorant$,and functional
materials for applications in areas as diverse @al data storageelectrophotography,gas
sensin§ and the photodynamic therapy of cant@hey also exhibit potential for exploitation in
the development of technologies requiring liquigstals® memory device8 optical limiting'® and
water purification:! Appropriate substituents on the phthalocyaning gpstem confer solubility
in either aqueous or organic solvents onto theratise essentially insoluble macrocyclic céfe.
The electrochemistry of phthalocyanines often sftero, mostly electrochemical reversible, ring-
based reductive couples and two ring-based oxiglamuples in CkCl2 as solvent, although in the
case of, for example, zirconium and hafnium phttydoines, more reductive steps have been
observed? In other solvents, sometimes three or four ringdal reductions may be observéd®

In contrast, porphyrins are naturally occurring magcles of similar structure but of lower
stability than phthalocyanines; they are especiadyi known as oxygen carriéfsand electron
transfer mediatot$ in biological processes and the mode of axialtiigain oxygen-carrying
porphyrins has been the focus of computationaliest®l They can also be used as cataly$tmnd
in photodynamic cancer therafyThe porphyrin macrocyclic core differs in struetdrom that of
a phthalocyanine at the macrocyclic apexes (mesiigas) having four CH or CR groups while
phthalocyanines have four nitrogens, and in phthyabines a benzene ring is annulated to the

pyrrole fragments of the macrocyclic rings, Figlire
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Figure 1. Porphyrin (left) and a non-peripherally substitlfhthalocyanine (right). R = large groups, such
as hexyl in this work, to enhance solubility in @ngc solvents. M can be any of more than 70 elesnéxit
here M = 2H or Cu. Key structural differences betweporphyrins and phthalocyanines are the four

nitrogen atoms at the apexes of the phthalocyanaxrocycle (meso positions in porphyrins) as welhe

annulated benzene rings to the pyrrolic fragments

These structural differences induce different ebediemical and spectroscopic
properties in the two macrocyclic subclasses. Altiftoporphyrins also exhibit four ring-based
redox processes in GHI2, the redox potential at which reduction takes elat metal-free,
nickel or zinc porphyrird are frequently up to 500 mV smaller than those for
phthalocyanin€$2 while the two porphyrin oxidative redox stépmay occur at potentials 200
mV larger than for phthalocyaniné® Spectroscopically, the major porphyrin electronic
absorptions include the Soret banccat 300 — 480 nm (extinction coefficients, are seldom
larger than 250000 dhmol? cnt!) and the much weaker Q-band in the region 6000-i#a
(¢ values are frequently less than 20000°dmol* cnv!).2!  Phthalocyanines also exhibit the
Soret band (320 &max< 430 nm;e < 80000 dmimol* cn1?, i.e of much lower intensity than in
porphyrins) and Q-bands (630Xmax < 750 nm;e frequently approaching 250000 émol?
cnrl). Thus the phthalocyanine Q-band is a strongeomi®n than those of porphyrins.

A study of the regression of porphyrin propertieshose of phthalocyanines are hampered
in that phthalocyanines have four benzene ringaulated to the macrocyclic core, whereas

porphyrins do not (Figure 1). Benzene annulateglpgins, tetrabenzoporphyrins, are a class of



porphyrins which is now attracting increasing ditem?? but hybrid structures of benzoporphyrins
and phthalocyanines bearing monoaza, diaza armhtepexes (meso atoms) are very much less
studied. A recent review reports fewer than a 1%pPeps have been published on these
compoundg2 However, of particular relevance to the presepepare those of Lever and Leznoff
who described some electrochemical, spectroelderoizal studies and Langmuir-Blodgett film
deposition studi€é4 of peripherally substituted tetrabenzotriazaporistsy while Nyokong?®
reported on the electrochemical and photophysicabpgrties of tin complexes of
tetrabenzotriazaporphyrins. Kobayashi, Mack andvodkers reported on the magnetic circular
dichroism properties in relation to TD-DFT calcigais of related copper complexis.

Following the recent report describing an easy twsis of metallated and metal-free
octahexyl substituted tetrabenzotriazaporphyrins BTAPS), tetrabenzodiazaporphyrins
(TBDAPSs), tetrabenzomonoazaporphyrins (TBMAPs) &l w&s tetrabenzoporphyrins (TBES),
(compoundsl — 4 Scheme 1), we report herewith the first compeaeaélectrochemical study of
this unique series of compounds. Compousalandb, referred to in the text as 2H-Pc and Cu-Pc,
are the corresponding phthalocyanine derivativesravfall four meso positions are occupied by
nitrogen atoms, see Figure 1. Results from a sped#ctrochemical study of the oxidations and
reductions of selected compounds are also presefitesl effects obtained by systematically
increasing the number of meso nitrogen atoms dagerkto their electronic spectra and quantified
utilizing atomic electronegativities (Pauling sQalé&/e also highlight the differences in binding
energies of the different types of aza atoms irs theries of compounds utilising X-ray

photoelectron spectroscopy.

Scheme 1Synthesis of metal-free and copper-coordinateditiytnzoporphyrins bearing monoaza, diaza

and triaza apexes (nitrogen meso atoms); R = hard notations used for these compounds in the text
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2. Experimental Section

21. Genera

1b:A=E=G=CH, Cu-TBP
2b:A=N, E=G=CH, Cu-TBMAP
3b:A=E= N, G=CH, Cu-TBDAP
4b:A=E=G=N, Cu-TBTAP

Solid reagents and solvents were from Aldrich orrd#eand used as received unless

otherwise stated. GiE€l> was dried by refluxing with CaHunder a nitrogen atmosphere and

distilled directly before use. THF was dried ovedism wire. Compounds$ — 4,%” 53,13 5b%¢ and

[N("Bu)4][B(CeFs)4]?® were synthesised as described before.



2.2 Spectroscopy (UVNis, 1H NMR, XPS)

UV-VIS spectra were recorded using a Varian Caryspéctrophotometer and quartz cell
of path length 1 cm utilising THF as solvent.

'H NMR spectra at 293 K were recorded on a Brukeaioe DPX 300 NMR spectrometer
at 300 MHz with chemical shifts presenteddagalues referenced to Silvlat 0.00 ppm utilising
CDClz or GsDs as solvent.

X-ray photoelectron spectroscopy (XPS) data weoerckeed on a PHI 5000 Versaprobe
system with monochromatic Ald<X-ray source. Spectra were obtained using an aiumi anode
(Al Ka = 1486.6 eV) operating at 50n, 12.5 W and 15 kV energy (97 X-ray beam). Suse&gns
were recorded at constant pass energy of 187.8areldetailed scans of C, O and N were
recorded at constant pass energy of 29.35 eV wiedetail scans of Cu were recorded at pass
energy of 58.7 eV with the analyzer resolutio®.5 eV. The background pressure was 2 % 10
mbar. The XPS data were analyzed utilizing Multipadtsion 8.2c computer softwafeusing

Gaussian—Lorentz fits (the Gaussian/Lorentz ratiee always >95%).

2.3.  Electrochemistry

Cyclic voltammograms (CVs), square wave voltammomgra(SWs) and linear sweep
voltammograms (LSVs) were conducted using a Primcé&pplied Research PARSTAT 2273
voltammograph running PowerSuite (Version 2.58)siig a standard three-electrode cell in a M
Braun Lab Master SP glovebox filled with high pyrdrgon (HO and Q < 5 ppm). Experiments
were performed at 206 0.1 °C under argon on 1 mmol drsolutions ofl — 4 in dried distilled
CH:Cl2 in the presence of 0.1 mol dniN("Bu)][B(CsFs)s] as supporting electrolyte. A three-

electrode cell was used consisting of a glassyoraviorking electrode with surface area 3.14mm



pre-treated by polishing on a Buehler microclotktfivith 1um and then “um diamond paste, a
Pt-wire counter electrode and an in-house consgtdug&tg/AgCl reference electrode constructed
from a silver wire inserted into a solution of Gnbl dm® [N("Bu)4][B(CeFs)4] in acetonitrile, in a
luggin capillary with a vycor tip. Successive expents under the same experimental conditions
showed that all formal reduction and oxidation ptitds were reproducible within 5 mV. All
potentials in this study were experimentally refeexl against the Ag/AgCl couple;
decamethylferrocene (Fc*) was used as an intetaatlard. Decamethylferrocene haS=(Epa —
Ep)/2 = -610 mV versus free ferrocengyipa = 0.98 andAEp = Eya — BEpc = 66 mV under our
conditions. Data were exported to a spread shesjrgm for manipulation to be reported
referencedf 3! against FcH/FcHand diagram preparation as suggested by IUFPAGJnder our
conditions E of ferrocene was found to be 412 mV versus oundnse constructed Ag/AgCl
electrode. Caution must, however, be exercisadiiizing this B value as a universal constant.
Changes in electrodes or cell construction fromeexpent to experiment caused this value to be

between 362 and 426 mV.

2.3  Spectro-electrochemistry

Spectro-electrochemical measurements were condubtedplacing an OTTLE cell
(OTTLE, Optically Transparent Thin-Layer Electrodmntaining the redox-active components in
the light beam of a Varian Cary 5000 NIR spectr@néefhe OTTLE cell was manufactured by the
Amsterdam University according to Hartl's desiyrand consisted of a Pt-mesh as working
electrode, a platinum wire auxiliary electrode amdilver wire reference electrode contained
between two KBr windows 1 mm apart. The potentiapleed to the working electrode was

controlled by a Princeton Applied Research PARST2Z73 electrochemical workstation



interfaced with a personal computer and ramped dmtw0.2 and 2.0 V for oxidation studies and
between 0 and -2.0 \&. a silver wire for reduction studies at a scae @#teither 0.125 or 0.250
mV st A UV/vis/NIR spectrum was recorded between 28@ 3000 nm at every 50 mV potential
increase. The OTTLE cell was charged with DCM sohg of 1 and4 (0.3 mmol dn¥) in the

presence of 0.1 mol d&{N("Bu)a][B(CsFs)a].

24  Density functional theory (DFT) calculations
Density functional theory (DFT) calculations ofdlatudy were performed with the hybrid
functional uB3LYP33*with the triple¢ basis set 6-311G(d,p) on all atoms as implemeintédide

Gaussian 09 program packagell complexes were optimized as doublets (S = ).

3. Results and discussion

3.1 Materials

The compounds investigated in this study all caight hexyl chains at the so-called non-
peripheral positions to serve as solubilising geoughe synthesis of seriés4, scheme 1, from a
common precursor, 3,6-dihexylphthalonitrile, uswayious equivalents of the Grignard reagent
MeMgBr, has been reported in full elsewhérénitially obtained as the magnesium metallated
derivatives, their formation is remarkable and ealéortuitous insofar as comparable ranges of
compounds have not been achieved under these icosdiising precursors with substituents
located at alternative positiofsThere are in principle two isomeric tetrabenzodgmphyrins

(TBDAPSs) varying in the locations of the meso rgea atoms. Only theis isomer, see scheme 1,



was recovered in sufficient quantities for full cheerisation and measurements. All magnesium
metallated derivatives were readily demetallatethéometal-free analogues, denoted in the text as
(2H-), and samples then converted into the coppetalfated derivatives (Cu-) with copper
acetate’’
1,4,8,11,15,18,22,25-Octakis(hexyl)phthalocyatunmagnesium, denoted as Mg-Pc, was

prepared as described befdrdy refluxing magnesium turnings, magnesium acetate 3,6-
dihexylphthalonitrile in the presence of 1,8-diaegbloundec-7-ene for 72 h in pentanol.
Demetallation and copper insertion to obtain pluttyghnines5a (2H-Pc) and5b (Cu-Pc) was
achieved in the same way as mentioned above fopriq@aration of the seridsa — 4a and1b —
4b.

All compounds are stable in air; they can be stdoedextensive periods (years) at ambient

temperatures under a normal open atmosphere imekssk

3.2 UV/vis Spectroscopic studies

The UV/vis spectra of macrocyclic compounts — 4a and 1b — 4b bearing 0, 1, 2 or 3
nitrogen atoms in the available meso positions wecerded in THF and compared with those of
normal porphyrinsi(e. those without benzene annulated to the pyrrolg) rand phthalocyanines
5aand5b, which have four nitrogen atoms in the macrocysigso positions. Table 1 summarises
Amaxwavelengths and associated extinction coefficiegtef dominating peak maxima in the Q-
band (visible) absorption region (588 max< 733 nm) and Soret band (UV) absorption region
(310 <Amax< 441 nm). The first observed difference relatethtospectra of normal porphyrfis
compared to those of benzene-annulated tetraberptopms 1a, 2H-TBP, andlb, Cu-TBP.

Soret band absorptions were approximately of eguahsity at similar wavelengths (424 — 441

10



nm, Table 1) but Q-band extinction coefficientsreased more than three-fold in magnitude from
below 20000 drhmol? cnt! for typical porphyrin&! to 64570 (2H-TBP1a) or 109650 dni mol*
cnt! (Cu-TBP,1b, Table 1). This is the result of a larger conjegat system and associated larger

molecular momer®

Table 1: Soret and Q-band absorption maxima and correspgreditinction coefficients of —5 in THF.

Compound Soret bandimax/nm (¢)? Q-bandAmax/nm (€2 AE°/VP
la: M=2H, OXNnesoatoms 424 (204 170); 441 (275 420)626 (64 570); 677 (52 480) 1.730
1b: M=Cu, OxNnesoatoms 430 (218 780) 639 (109 650); 661 (56 230) 1.611
2a: M=2H, 1xNmescatoms 413 (114 820);433 (91 210) 588 (19 500); 639 (79 720); 682 (107 15011.685
2b: M=Cu, 1xNnesoatoms 413 (104 710); 429, (112 200641 (66 070); 662 (117 490) 1.692
3a: M=2H, 2xNmesoatoms 393 (61 660) 600 (19 050); 656 (72 440); 690 (81 283) 1.683
3b: M=Cu, 2XNnescatoms 391 (81 283) 608 (14 820 ); 666 (165 960) 1.717
4a: M=2H, 3xNmesoatoms 361 (56 230); 401 (46 860) 644 (45 180); 675 (78 320); 716 (123 510)1.536
4b: M=Cu, 3xNnesoatoms 361 (47 870); 395 (47 860) 676 (89 430); 700 (128 820) 1.657

5a: M=2H, 4xNmesoatoms 310 (39 810); 350 (51 290) 663 (39 810): 695 (97 720); 733 (117 490)L.540
5b: M=Cu, 4xNmesoatoms 310 (38 020); 350 (50 120 635 (37 150); 665 (32 360); 700 (208 930)L.695

2 ¢ in units of dmd mot? cntt. P Data from section 3.45E° = E°yave 1- E% wave 3 @ measure of the HOMO-LUMO gap.
¢ a relatively weak peak at 628 nen<23990) is also observetia relatively weak peak at 615nm=18200) is also
observed.

Figure 2, right lower, shows the UV/vis spaair of Cu-TBP. Figure 2, left, exhibits the
electronic spectrum of 2H-TBMARga, as well as the adherence to the Beer-Lamberbfahe Q-
band of this complex. Like phthalocyanines, theak#te tetrabenzoporphyriis — 4a exhibited
Q-band maxima that were split intoc@nd Q components together with some small intensity
peaks adjacent to the major Q-band peaks. Theseoadd lower intensity satellite peaks are the
result of the lower symmetry that is imposedlan- 4a with the introduction of additional MNso
atoms. For fully symmetrical metallated phthaloaggas,e.g. 5 having 4 MNesoatoms, the Q-band
manifests as a strong single peak due #odymmetry Of the Cu-TBP, Cu-TBMAP, Cu-TBDAP
and Cu-TBTAP derivatives, only Cu-TBDAP exhibitediagle sharp Q-band with small satellite

peaks.

11
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Figure 2. Left: UV/vis spectrum of 2H-TBMAP2a, in THF showing extinction coefficients as a fuant

of wavelength, and in the insert, the adherenab®fQ) and Q components of the Q-band at 684 and 639
nm respectively to the Beer-Lambert laws cl, up toc = 10pumol dm?® concentrations. Right: The Soret
(UV) and Q (visible) bands of copper compleXds— 4b are shifted to shorter and longer wavelengths
respectively as the number of nitrogen atoms imtkeo position (denoted as ON — 3N) increases @om

3.

The other metallated derivatives exhibited adQeb split into at least two dominant Q-band
components together with smaller adjacent peaki iEhagain attributed to the lower complex

symmetry arising from the introduction of moredshatoms.

Figure 2, right, shows the simultaneous red-shifpéak maximum wavelengths of the Q-
band and blue-shift in peak maximum wavelengthshef Soret band in moving systematically
from complex1b having no meso nitrogens through and3b to complex4b having three meso
nitrogens. The Q-band\max of ca. 700 nm of non-peripherally substituted metallated

phthalocyanines is one of the reasons why zincgbhtlyanines in particular are studied as second

12



generation photodynamic anticancer (PDT) drugsaBse light penetration through body tissue is
the deepest for wavelengths between 620 and 85& RD;T drugs that absorb strongly in these

long-wavelength regions are most effective in agstilg cancerous growths.

Here we explore if it is possible to relate Q-bakghx differences to relative electron
densities of the different macrocyclic cores. Fegar left, highlights the relationship between Q-
band Amax Oof compoundsl — 4 and the sum of the group electronegativitiegg, of meso
macrocyclic core atoms<xr is a measure of the electron density of the macie® and R
represents the meso atoms together with any sudastion them. Here, the meso atom groups, R,
are either N or CH. By way of explanatid)r for 3a (or 3b) which has two nitrogen meso atoms,
(Pauling electronegativity for nitrogen ys= 3.04) and two meso CH atom groupgQ) = 2.55;

X(H) = 2.20} may be calculated as follows:
2Xr() = 2X(N) + 2.{x(C) +x(H)}
= 2(3.04) + 2(2.55 + 2.20)
= 15.58

Macrocycles with smallekxr values €.g. 13.87 Pauling units for4) are less electron-
withdrawing than macrocycles with largexr values é.g 19.00 Pauling units fat). From Figure
3 it follows that an easy way to predict or comptiee shifts of the Q-band peak maxima is simply
to calculatezxr and relate the two quantities to each other amtatde calibration curve. We have
in previous work also shown that this approacleasible for non-hydrogen meso substituests,

ferrocenyl and &Fs in relating electrochemical properties of mesostitilited porphyrins taxgr.2*

13
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Figure 3. Left: Relationship between the most intense Q-band agth andxr for metal-free (black
line, top) and copper complexes (red line, bott@mpb. The notation ON through 4N denotes the number of
meso nitrogen atoms in each cdBght: Relationship between extinction coefficientandZxr for metal-
free (black line bottom) and copper complexes (ireeltop). The mauve point for the Cu line (3N) ahd

blue point for the metal-free line (1N) do nottfie trend set by the other complexes.

A further observation from Figure 3, right, and Teali, relates to extinction coefficients.
For TBP complexes having no meso nitrogen atonesQHiband maximum was much smaller than
the Soret band maximum, while for TBMAP complexesvihg one meso nitrogen atom,
extinction coefficients of the most intense Sorat @-band peaks were in the same region
(between 107150 and 117490 dmol* cntt , Table 1). For TBDAP, TBTAP and phthalocyanine
complexes, the Soret band becomes less intenseacethfo the Q-band as the number of meso
nitrogen atoms increases from two to four. Figuredht, highlights how the Q-baralvalues of
1b — 5b decrease from 208930 f&b to 56230 drf molt cn! for 1b as the macrocyclic core
density expressed &xr changes upon decreasing the number of meso nitrfogen four to zero
While € values are frequently related to transition momefindamentally, any (molecular)

moment is related to dipoles in the molecular stmg Dipoles are a direct consequence of regions

14



of a molecule being more electron-rich than oth&he latter depends on the electronegativity of
atoms in the more electron-rich region comparedht electronegativity of atoms in the less
electron-rich molecular region. The relationshipsatved in Figure 3, right, is therefore not

surprising.

The Q-band peak maximum wavelengths (equationsdl3nand extinction coefficients
(equations 2 and 4) of related compounds may bena&std from equations 1 — 4 that were

obtained by fitting the data of Figure 3.
Metal-free complexes:

Amax = -8.888Fxr + 837.49; R=0.95 (1)
£=-9.063Zxr + 222.94; R=0.97 (2
Copper (or metallated) complexes:
Amax= -9.356FXr + 819.2; R=0.92 (3)

€=-15.47Fxr + 398.26; R= 0.96 4)

3.3.  X-ray photoelectron spectroscopy

The metal-free compleka has two types of nitrogen in its macrocyclic cotale 2a— 4a
have three types in their cores. These are tw@Nwo (NH)nner atoms and zero, one, two, three
or four meso nitrogen atomsmMe In copper complexesb — 4b the two Naner and two (NHjhner
atoms collapse into four identicalciNatoms (see Scheme 1 to identify the different dypeN
atoms). An attempt was made to distinguish betwtbese different types of nitrogen atoms

utilising X-ray photoelectron spectroscopy (XPS) thgtermining their binding energies. The

15



binding energy of the copper atom in these compglexas also determined. Table 2 summarises

the binding energies and ratios of these atomsmiltie ring structures of typds— 4

Table 2. Binding energies and ratios of the different nigngand copper peaks obtained from Gaussian

fitting of detailed XPS scans.

Ninner or NCu 1s/
eV (atomic %)

(NH)inner lS / EV
(atomic %)

Nmesols / eV
(atomic %)

Cu 2[3;/2/
eV

Cu 2[3;/2
shake -up / eV

2H-TBP,1a
Cu-TBP,1b

2H-TBMAP, 2a
Cu-TBMAP, 2b

2H-TBDAP, 3a
Cu-TBDAP,3b

2H-TBTAP, 4a
Cu-TBTAP,4b

397.8 (50 %)
398.4 (100 %)

397.8 (40 %)
398.2 (80 %)

397.8 (33.3 %)
398.3 (66.7 %)

397.7 (28.6 %)
398.0 (57.1 %)

399.7 (50 %)
399.7 (40%)
399.5 (33.3%)

400.1 (28.6 %)

398.4 (20 %)
399.0 (20 %)

398.5 (33.3 %)
398.0 (33.3 %)

398.6 (42.9 %)
398.4 (42.9 %)

934.7
934.6

934.8

934.8

943.0
942.8
943.5

943.0

In the detailed scans of nitrogen 1s XPS spectriheinetal-free compounds 2H-TBB;,

and 2H-TBMAP,2a (Figure 4), two well resolved peaks can be obskihat are assigned to the

inequivalent inner ring nitrogen atomsi,f at 397.8 eV, and the (NRher atoms at 399.7 eV,

respectively. This assignment is in agreement wrviously reported XPS assignments of these

nitrogen atom types in both phthalocyanines anglpgins3’ A clear assignment of thenko

atom in2a was not directly possible, but to identify the dimmg energy of Nesoatoms, the XPS

spectrum ofda was helpful. Compounda, 2H-TBTAP, has three Msoatoms, and this allowed

the Nheso peak to rise strongly above and in between thé&sgpeathe Ner (397.7 €V) and the

(NH)inner (400.1 eV) atoms at a binding energy of 398.6 &igure 4, left. Fitting of the

experimental N 1s XPS spectrum of macrocytdeto theoretical peaks for these three different

types of nitrogen atoms confirmed the nitrogen at@mre present in this macrocycle in a ratio of

Ninner. Nmess (NH)inner = 2:3:2, Figure 4, middle. Upon assigning the bigcenergy of Nesoatoms

16



of 2aand3a as indicated in Table 2, the atom ratio @h® Nmess (NH)inner could also be verified

for these two complexes as 2:1:2 and 2:2:2 respygti

Experimental
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00 ] et 680 /| Fitted peak 1000 1 1b, C“'IELP

2xN 0 900 |
650 1 2a, 2H-TBMAP atome AV | 2X (NH)nner
n / || atoms 800 4 2b, Cu-TBMAP

600 | G 640 - ) o,

CPSel
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700

550 | - |
3a, 2H-TBDAP /
600 /A \ 600 - 3b, Cu-TBDAP
500 1 LIV I AT S .\ T
450 - da, 2H-TBTAP “ N 500 1 4b, CLTBTAP
M 560 ’

400 ; ‘ ‘ L 400 ; ‘ ‘
405 400 395 390 404 402 400 398 396 405 400 395 390
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Figure 4. Left: Detailed scans of N 1s XPS spectra of the nitraggion of metal-free macrocyclds: —
4a. Middle: The N 1s XPS spectrum cfa, showing three Gaussian peaks fitted in a ratid®2:@f2
regenerates the experimentally measured spectrdmRight: Detailed N 1sXPS spectra of the nitrogen

region of copper-containing macrocycles— 4h Legend: CPS = counts per second, rel = relative.

Figure 4, right, shows the comparative detailedsNXPS spectra of the copper-containing
macrocycleslb — 4h It is clear that when a metal (in this case copjse complexed to the
macrocycle, resolution of the different types dfagen 1s peaks disappears. Ebr merging of
the Nnnerand (NHjner peaks of the metal-free derivatives into one pessignable to four identical
Ncu atoms was expected, but the observation thaisddtoms experience a similar chemical
environment in complexe®b — 4b was surprising. Complekb (Cu-TBP, no Neso atoms) only
shows one well-defined nitrogen 1s peak and onky Gaussian peak is fitted into this peak at a
binding energy of 398.4 eV. The best fit to alli&agen atoms of Cu-TBMAPR2b, was achieved
by assigning a binding energy of 398.2 eV to theshatom, and 399.0 to the fourciNatoms

respectively, Table 2. Although these two bindimgrgies for the two types of nitrogensdh
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differ significantly, we could not meaningfully fgimilar peaks to the experimentally obtained
spectra of the other copper complexes, see Figuighét The best fit to the experimental data of
3b was achieved when the binding energy of the 4cx &hd 2 X Mesoatoms was only 0.3 eV
apart, while fordb the best fit was achieved when the binding enefghe 4 x Nw and 3 X Meso
atoms was only 0.4 eV apart, Table 2. These difiegs are too little to be considered significant.
Cu 2p2 peaks in the XPS spectra of the copper regichbot 4b all appeared at a binding
energy ofca. 934.7 eV while the Cu 2p peaks were detected ed. 954.6 eV. The lack of
different Cu binding energies ith — 4bshowed that the extra.doatoms in the outer ring of the
macrocycles have a negligible influence on the d¢baimenvironment of the copper, Table 2.
Similar to previously reported copper-containinghaiocyanines® the spectra also showed clear
copper 2p2> and 2pp shake-up peaks aa. 943.0 eV and 962.9 eV respectively; these are

associated with about 9 eV higher binding enertiias those of the main peaks, Figure 5.

1050 -
950 -
1b, Cu-TBP
850 -
_ 750 -
g %b, CL-TBMAP
© 650 -
550 - 3b, CL-TBDAP
450 - A I\ ab, cu-TBTAP
350 \ \ |
960 940 920

Binding Energy / eV

Figure 5. Detailed copper 2p XPS spectra of the copper region of macrocytles 4bshowing the Cu
2ps2 binding energy ata. 934.7 eV as well as copper shake-up energies. &43.0 eV. The Cu 2p and
Cu 2p/2 shake-up signals are at 954.6 and 962.9 eV regelciCP S = relative “counts per second”.
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34. DFT Calculations

The first two oxidation processes of any complexgéameral would involve the successive
removal of electrons from the HOMO and HOMO-1 & tomplex, while adding electrons to the
LUMO leads to reduction. Since the electrochemigaidations and reductions of copper(ll)
phthalocyanines occur on the phthalocyanine rindg maot the central Cu(I§? while the first
reduction of certain copper(ll) porphyrifisand corrole§ occur on the metal, a quantum chemical
study by means of density functional theory (DFalcualations has been performed to establish the
character of the frontier orbitals of the coppemptexeslb — 5b. To aid understanding of the
electrochemical redox processes, the calculatiorse vextended to structures where the R
substituents (see Figure 1 and Scheme 1 for théigrosf R) were varied between R = H, gH
C2Hs, n-GH7 and n-GHz13. Figure S1 shows the four frontier orbitals of thesubstituted (R = H)
equivalents of complexdd —5b. For all five of these R = H complexes the HOM@ &OMO-1
are of ay(m) ligand character, implying that the first two dation processes, labelled 1 and 2 in
Figure 8 (electrochemistry section), should be -baged. Generally good relationships are
obtained between the DFT calculated HOMO eneEyo) and the formal reduction potential,
E°, of a series of related complexes of which theoxeprocesses are of the same origig.(all
ligand or all metal based}.The mathematical relationship betweéghandErowmo for these R=H

complexes equivalent tth —5b [see graph shown in Figure S2 (a)] is:

E9 = —0.65EHomo (V) — 3.22; R=0.99 (5)

E° represents the first oxidation of these complémreg vs. FcH/FcH; values used foE® in this

relationship are from section 3.5 below, see akzold 3).
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No similar relationship is found between the fietluction potential and the DFT calculated
LUMO energy ELumo) of complexes equivalent tbb — 4b but having R=H. In particular, the
complex equivalent tdb does not fit the trend (Figure S2 (b)). From theualization of the
LUMOs (Figure S1) it is observed that the LUMO driidMO+1 of the unsubstituted (R = H in
Figure 1) equivalents of complex8b — 5b are ligand based; they have typicgire) character.
The first two reduction processes3if and4b (labelled 3 in the electrochemistry section below,
Figure 8) are thus expected to be both ligand ba&egberimentally it was found in the
electrochemistry section below that the differeimcthe first and second reduction potentialSlof
and4b is ca. 0.420 V (see potentials summarized in Table 3weler, the R = H equivalents of
1b and2b have 65% Cu-d character for their LUMOs (Figurg Bdplying that for these two
complexes the first reduction process (the equntadé wave 3 in Figure 8) is a Cu(ll) reduction
and not a ring-based process. A recalculatiorilowith R = CH still showed Cu(ll) reduction to
be the first reduction process, but &y and its homologues (R=GHC:Hs, n-GH7, n-GH13) the
LUMO energy levels were such that the first redrecfprocess could be assigned to a ring-based
reduction process. To confirm the Cu(ll) and thecroaycle as the redox centers fidr and2b
with R = n-GHas, the DFT optimized LUMOs of these complexes wakdated and they are
presented in Figure 6. While the LUMO 1f has 65% Cu-d character, the LUMOX( is ligand
based. The LUMO+2 ofb is of Cu-d (64%) character. This result is comsistwith the first
reduction oflb to involve the Cu(ll) centre, while the first rediwn processes dtb does not

involve Cu(ll) but is ligand (macrocycle) -based.
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Figure 6. Presentation of the LUMO of DFT optimized (d) and (b)2b. The MO plots use a contour of 30

e/nn?. Colour code of atoms (online version): Cu (orgn@e(black), N (blue), H (white).

An interesting observation concerning the DFT oped geometry oflb and 2b
necessitates further consideration. The macroaykcleb is flat with a saddling anglep, of 3.8°,
while 2b is considerably more saddled wiph= 15.4°, Figure 7.

2b (R = H, 9=0°)

‘}»aéf’

b (R = CH,, ¢=13.1°)

ﬂ

1b (R = CgH,s) 2b (R = C,H,,) 2b (R = CgHy,, p=15.4°)

Figure 7. Geometry of tetrabenzoporphyridb (R = n-GHis left) and differently substituted
tetrabenzomonoazaporphyrin derivatives (middlerégttt) showing the degree of saddling. H atomsRnd

groups were removed from figures on the right flarity. Colour code of atoms (online version): Cu

(orange), C (black), N (blue), H (white).
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In comparing tetrabenzomonoazaporphyrin complextsalkyl chains R of increasing size,
an increase in saddling angle as a result of isegkateric crowding was calculated. Saddling
angles were for R = Hp(= 0°), R = CH (¢ = 13.1°), GHs (¢ = 14.9°), n-GH7 (¢ = 16.2°) and n-
CeH13 (p =15.4°). The result of the increase in saddlinglans that the Cu-based LUMO of
tetrabenzomonoazaporphyrin with R = H becomes diigied with increased alkyl chain size; it
becomes LUMO+1 when R = Glnd LUMO+2 for larger alkyl chains (R =Ks, n-GH7 and n-
CeH13). This implies that Cu(ll) reduction represents finst reductive process f@b when R = H
but it becomes the second reductive proce2bdf R = CHs and the third reductive process &y
with alkyl chains R = @Hs, n-GH7 and n-GHas. This striking result may be visualized with the

energy level diagram shown in Figure S3 and theemér orbital plots shown in Figure S4.

3.5. Electrochemistry

The influence of the different number ofndo atoms on the redox properties of the
macrocylic derivativeda —4aand1lb —4b was investigated by cyclic voltammetry (CV), squar
wave voltammetry (SW) and linear sweep voltammét$V) in CH.Cl, utilising 0.1 mol dn#
[N("Bu)s][B(CsHs)4] as supporting electrolyte. Use of this electrelgtinimises ion pair formation
between charged redox-generated substrate intemtasdand supporting electrolyte idA<CVs
are shown in Figures 8 and 9, as well as Supplanernformation, Figure S5; Table 3
summarises data. In general, within the potenitigitd that the solvent (C4£12) allow, four quasi-
reversible ring-based redox processes were obsdPatential scanning generally commenced at -
800 mV vs FcH/FcH in the positive direction and peaks were labelledhe order they were

observed as follows: Fc* is the label of the intdrstandard, decamethylferrocene. Peaks 1 and 2
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identify the first and second ring-based oxida{@eodic) processes while peaks 3 and 4 identify
the first and second reductive (cathodic) ring da®selox processes, except for 1b, see discussion
below.

Figure 8 highlights how the increase in number esmnitrogens systematically increases
the formal cathodic wave potentials, waves 3 amaf 4pmpound types — 4. The total increase to
larger potentials froma to 4a (values for the copper derivativéb to 4b are in brackets) for wave
4 was 260 (136, only Cu compoungls and4b exhibited this wave) mV, while for wave 3 it was
323 (78) mV. For the anodic waves 1 and 2, thestssdwere 132 (122) and 66 (169) mV
respectively, Table 3. From the DFT results degctim the previous section, all these observed
redox reactions are assigned to a ring-based momeept wave 3 foitb which represents a
Cu(ll) reduction. At a scan rate of 100 mV, peak potential differences were in the regionc80
AE, < 148 implying more quasi electrochemical reveliibithan true electrochemical
reversibility, this despite the internal marker}FshowingAE, = 66 mV in the same solution as
the analyte. Electrochemical reversibility is cluaeaised byAE, values of 59 m\#* Peak current
ratios were much closer to ideal with only wavedtl?H-TBP, 1a, deviating significantly from

unity, Table 3.
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E/mV vs. FcH/FcH" E/mV vs. FcH/FcH"

Figure 8. CVs ofca. 0.5 mmol drif solutions of 2H-TBPXa, green), 2H-TBMAP Za, blue), 2H-TBDAP
(3a, red) and 2H-TBTAPA4a, black) on the left and, on the right, CVs of CRFI (Lb, green), Cu-TBMAP
(2b, blue), Cu-TBDAP 3b, red) and Cu-TBTAP4p, black) at 100 mV §in CH,Cl, / 0.1 mol dn?
[N("Bu)4][B(CeHs)4]. The notation ON to 4N denotes the number of nmésogen atoms in each compound.

TBP complexedaandlb showed signs of dimerisation at the redox proceassociated with
waves 1, 2 and 3 fota and waves 1 and 2 fdib because these processes separate into two
components “a” and “b”, Figure 8, top. SW experitseshow this peak splitting much clearer
(Supplementary information, Figure S5). The LS\2ahV s! shows the current of all “a” and “b”
components of waves 1, 2 and 3 for compotiacand waves 1 and 2 fdib are equal in size
(Supplementary information, Figure S5). A similaawe pattern that was proved to be associated

with dimerization was also observed in the Cd plothyanine complexes we reported eartfe#!®
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Table 3: Cyclic voltammetry data (potentiabs. FcH/FcH") of ca. 0.5 mmol drif solutions of

decamethylferrocene arded in CH,Cl, containing 0.1 M [N{Bu)4][B(CeHs)4] at 25°C and scan rate of 100

mV s*.
wave EpdV AE/mV  E°NV? ipd PA indipa wave EpdV AE/mV  E°NV @ ipd LA ipdipa
Ferrocene Decamethylferrocene
-0.035 70 0.000 2.08 0.96 | Fc -0.043 66 -0.610 2.05 0.98
2H-TBP, 1a, 0 Mheso CU-TBP, 1b, 0 Nhneso
4 -2.052 148 -2.126 2.30 0.9% 4 - ---¢ - - ---¢
3a -1.734 98 -1.783 ---d ---d 3 -1.664 140 -1.734 2.10 0.9P
3b -1.642 68 -1.676 2.10' 0.954
la 0.000 112 -0.056 ¢ -4 la -0.081 84 -0.123 -4 ¢
1b 0.112 114 0.055 2.10' 0.78 1b -0.001 80 -0.041 1.78 0.82
2a 0.683 80 0.643 ¢ -4 2a 0.651 90 0.606 -4 ¢
2b 0.757 70 0.722 2.3¢ 0.98 2b 0.733 80 0.693 1.78 1.08
2H-TBMAP, 2a, 1 Nneso Cu-TBMAP, 2b, 1 Nmeso
4 -2.020 106 -2.073 1.67 0.94 4 - ---¢ - - ---¢
3 -1.644 106 -1.697 1.67 0.98 3 -1.721 114 -1.778 2.20 0.97
1 0.028 80 -0.012 157 0.95 1 -0.029 114 -0.086 2.22 0.94
2 0.764 106 0.711 1.68 0.98 2 0.647 108 0.701 2.39 0.956
2H-TBDAP, 3a, 2 Nreso Cu-TBDAP, 3b, 2 Nreso
4 -1.920 80 -1.960 1.42 0.99 4 -2.148 116 -2.206 2.20 0.89
3 -1.586 92 -1.632 1.40 0.99 3 -1.724 98 -1.773 2.10 0.9
1 0.106 110 0.051 1.42 0.90 1 0.011 134 -0.056 221 0.87
2 0.77¢ 9€ 0.72: 1.40 0.97 2 0.75¢ 98 0.70¢ 2.31 0.9t
2H-TBTAP, 4a, 3 Nreso Cu-TBTAP, 4b, 3 Nneso
4 -1.826 80 -1.866 2.12 0.9¢ 4 -2.022 96 -2.070 291 0.9%
3 -1.420 80 -1.460 214 0.97 3 -1.604 104 -1.656 2.88 0.9¢
1 0.126 100 0.076 2.14 0.91 1 0.070 138 -0.001 2.80 0.98
2 0.758 98 0.709 2.14 0.98 2 0.828 106 0.775 2.99 0.97

AAEY = E”wave 1- E” wave 3 @ measure of the HOMO-LUMO gaps and relateditq of the Q-band, is summarized in

Table 1Pipdipe. Current ratios were always taken to be (reveraa surrent)/(forward scan currerfteaks were not

detected in this solveritDue to closeness of neighbouring peak (possibledaation), values are estimates only

utilising the main peak. Due to poor peak resohjtimurrents for the minor peak were not measuretsée LSV

traces in Supplementary Information for relativeesi

We conclude that at the concentrations used fors@idies, 0.5 mmol dif) both1la and1b exist

as associated dimers in the ground, first oxidiged second oxidised states. 2H-THR, also
exists as an associated dimer until the first redustate is reached, but then the two positive
charges, one on each half of the associated dijpnebably induces dimer dissociation due to
electrostatic repulsive forces. Dissociation is ptete before the second reductive redox step is

initiated because wave 4 shows no sign of pealtiggliinto two components. For the copper
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derivative 1b, wave 1 (the first oxidative step) is clearly reggntative of two equal-sized redox
steps, while wave 3 (the first reductive step) show sign of two peak components, Figure 8 and
Supplementary Information, Figure S5. This is cstesit with an equilibrium existing between
Cu-TBP monomers and dimers in the neutral grouaie stith the dimer more easily oxidised than
reduced and the monomer more easily reduced thamsed. These results imply the metal-free
dimer is more strongly associated than the coppeerd Scheme 2 provides an electrochemical
mechanism explaining the redox observationslafby incorporating knowledge that could be
gathered from DFT calculations, electrochemical sneaments and spectro-electrochemical

measurements (see next section).

Scheme 2Mechanism explaining the redox electrochemistr2ldfTBP 1a. Each step represents a one-
electron transfer per molecular fragment. Ebr the most notable difference would be wave 3, tvhic

involves a Cu(ll) reduction, while wave 4 would dfgsent.
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Figure 9 simultaneously shows the influence of sede and copper insertion utilising the

TBTAP derivatives4, as an example. Formal redox potentials are smi@nimdependent. Copper
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insertion leads to a substantial lowering in thdosepotential of waves 4 (204 mV), 3 (196 mV)
and wave 1 (77 mV), but wave 2, representativéefsecond oxidative redox process, was shifted
66 mV to a larger potential. Complexes- 3 showed the same trend for all observed waves,1 — 4

Table 1 and Figure 10.

-2000 -1000 0 1000
E / mV vs. FcH/FcH'

Figure 9. CVs of ca. 0.5 mmol dri? solutions of 2H-TBTAP 4a, top) and Cu-TBTAP4b, bottom) in
CH:Cl2/ 0.1 mol dr? [N("Bu)4][B(CeHs)4] at scan rates 100, 200, 300, 400 and 500 HV s

Figure 10 relates redox potentials of waves 1 -th the sum of the group electronegativity
of all meso N and CH atom groupsxr. As was the case with the electronic spectra peak
maximum wavelengths and extinction coefficientsjedinite relationship betweeB® and Zxr
exists and implies that, as the macrocycle coremes more electron-withdrawing (i.e. large

values) with decreasing number of meso nitrogemstoedox potentials decrease.
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Figure 10. Relationship betweeR® of redox waves 1 — 4 arijy for metal-free (green line) and copper
complexes (blue linel — 4. The notation ON to 4N denotes the number of nréBogen atoms in each

compound.

The highest occupied molecular orbital (HOMO) he orbital from which an electron is
removed in the first oxidation process, in Figugand 10, this process is denoted as wave 1.
During the first reduction process an electromgeited in the lowest unoccupied molecular orbital
(LUMO, wave 3). Waves 1 and 3 (as well as 2) e ¢topper-free complexdsa—4a and waves
1 and 2 for the copper complexgs — 4b exhibit a linear relationship which is consistevith
each of the electron transfer processes origindtomg the same redox site; a ring-based process
according to the DFT calculations described in i8acB.4. However, for wave 3 of the copper
complexes, no linear relationship was observeds Titi consistent with the DFT result that

suggests forlb (N=0), wave 3 represents a Cu(ll) reduction antl anwing-based macrocyclic
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reduction. Wave 4 was only observed Ry and 4b and the DFT calculations showed it to
represent a ring-based redox process. The sloffeeafonnecting line of these two wave 4 points
is also negative as for the other straight lindse difference in energy between the HOMO and
LUMO orbitals is the energy that is generally assic with excitation to generate the
spectroscopic Q-band. Table 1 summarises calculsE&d= E°ae 1- E° wawe svalues. No clear
relationship between the most intense absorptidra@ wave length anfiE® exists (Figure S6,
Supplementary Information), implying a single oabitexplanation of Amax values is an
oversimplification. In the case of compounds ofetdp— 4, this was further amplified in that in

some cases wave 3 is a ring-based redox procasd@s ather cases it is copper based.

3.3.  Spectro-electrochemistry

The spectro-electrochemical properties of compowidype 1 and4 were investigated as
representative examples of the present compounessé&igure 11 shows the spectral changes of
la, 2H-TBP, during reductive electrochemistry, th&tdd, Cu-TBTAP, during oxidative redox
chemistry and those afa, 2H-TBTAP, during reductive as well as oxidativedox processes
Table 4 provides spectroscopic data of the speathelnges as a result of changes in
electrochemical oxidation states. Figure S7, Suppigary Information, provides selected spectra
of all available spectro-electrochemical resultsladnd 4. Studies were carried out utilising an
OTTLE cell of HartI's? design.

Complex1b exhibited only one cathodic (reductive) redox psxin the solvent potential
window while two consecutive reductive redox preesswere observed fag, 4a and4b during
the electrochemical study of compounds of t§mnd4 (Figure 8, Table 3). Upon following these

redox processes spectroscopically, the Q-band sityewas substantially lowered in all cases
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except forlb in the first reductive redox process (Figures $%, and Table 4). This would
normally be consistent with ring-based reductiarstiie copper complex and not reduction of the
Cu(ll) ion™ (because no clear shift in maximum absorption \emgth was observed). However,
in the case ofilb, the lowering of the Q-band is too weak to be aoted for by a ring-based
reduction. The alternative assignment Ibrwould be a Cu(ll) reduction. Although one can aee
lowering of the Q-band\max from 640 to 632 nm, the lowering is very subtlel arot clearly
indicative of Cu(ll) reduction. This uncertaintyas/removed by the DFT calculation results that

clearly indicated the first reductive redox procisslb to be copper-based and not ring-centred.

0.25 J 429nm . i o 703 nm
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Figure 11. UV/vis spectra generated during reduction (lefuom figures) of Cu-TBP 1, top left) and
2H-TBTAP (4a, bottom left), or during oxidation (right columigdires) of Cu-TBTAP 4b, top right) and
2H-TBTAP (4a bottom right). The first oxidative or reductivedox process is highlighted by black

spectra, and the second with red spectra. The icotmled arrows show the direction in which peakiseei
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increased or decreased in intensity; wavelengthsopnof each arrow correspond to peak maximum
wavelengths.

At the end of the first reduction, Q-band x andynponents (fola) and x, y and z components
(for 4a) amalgamated into one low intensity prominent peta33 nm folla and low intensity Q
and Q components at 707 and 645 nm respectivelfoSpectroscopic changes at the Soret
band were more pronounced during the second redmwegs, especially for the metal-free
complexesla and4a (Figure 11, Figure S7).

With respect to the anodic (oxidative) redox preessla, 1b, 4a and4b all exhibit two
consecutive steps, Figure 8, Table 3. Spectrosaliyi@a general feature that accompanied the first
electrochemical oxidation was disappearance offheomponentj.e. the longest wavelength Q-
band absorption at 639 — 728 nm for all four comgde At the end of this redox step, the
remaining major Q-band with much lower extinctiaefficient exhibited\max close to the original
Qy band forla and1b (639 nm) or to the original Qband for4a and 4b (645 and 638 nm
respectively (Figures 11, S7 and Table 4).

The Soret band for the TBTAP derivativés and4b remained mostly the same during the
first oxidation process. In contrast, the tetralogzphyrin derivativesla and 1b exhibited
substantial diminished intensity of the Soret basgpecially at 426 and 443 niig] and 428 nm
(1b), Figure S7, Table 4. The most striking spectrpgcdeature that results due to the second
electrochemical oxidation process is the growthaafiew peak between the Soret and Q-band
regions with wavelength of peak maximums in thegead67 _<Amax < 525 nm for all four
compounds, Figures 11 and S7. Formation of this peak is accompanied by the neza 80 %)
destruction of all absorptions in the Q-band regiand a further, much smalleca( 30 %),

lowering in intensity of the remaining Soret bamsa@rptions.
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Table 4: UV/vis spectral data in C4€1> / 0.1 mol dr? [N("Bu)4][B(CeHs)4] for the most dominant peaks of
1 and4 after oxidation or reduction; the potential raifge Ag wire) at which the spectral changes occurred
are also recorded.

Compound Peak maximunima/nm (/ dm® mol! cnrl)a Erange/V®
122~ M=2H, 2" reduction 443 (100 000); 455 (312 000); 657 (45 000) -0.80to -1.15
1a : M=2H, I reduction 433 (209 000); 443, (137 000); 633 (78 000); 65¥(B0); 680 (28 000) -0.55 to -0.75
la : M=2H, neutral 426 (204 000); 443 (275 000); 633 (64 000); 68006Q) Resting state
1a" : M=2H, Ftoxidation 426 (118 000); 443 (152 000); 639 (47 000); 682430) 0.00 t0 0.30
122" M=2H, 2 oxidation 431 (54 000); 525 (26 000); 639 (46 000) 0.451t0 0.95
1b>: M=Cu, 29reduction Redox process not observed in this solvent system -

1b~: M=Cu, ' reduction 429 (160 000); 640 (68 000); 663 (35 000) -1.00 to -1.35
1b : M=Cu, neutral 430 (218 000); 638 (109 000); 661 (56 200) Resting state
1b* : M=Cu, B oxidation 394 (80 100); 428 (66 000); 618 (52 000); 639 (6@)0728 (21 000)  0.30 to 0.60
1b%*: M=Cu, 2 oxidation 394 (58 000); 428 (48 000); 497 (28 000); 639 (80)0 0.85t0 1.35
487 M=2H, 2% reduction 418 (30 100); 645 (31 900); 708 (17 200) -0.9510-1.40
4a : M=2H, I** reduction 365 (36 200); 406 (37 400); 418 (49 300); 645 (@82)0708 (66 100)  -0.50 t0 -0.85
4a : M=2H, neutral 361 (56 200); 406 (46 800); 644 (45 200); 675 (#6)3716 (123 000) Resting state
4a" : M=2H, I oxidation 363 (62 100); 406 (38 000); 645 (47 300); 677 (8@)9716 (35800)  0.00t0 0.60
4a2* M=2H, 2 oxidation 316 (69 700); 363 (45 400); 467 (40 100) 644 (16)70 0.60t0 1.00
4b?": M=Cu, 2% reduction 359 (23 200), 571 (16 100), 632 (17 900) 708 (10) 70 -0.9510-1.40
4b™: M=Cu, ' reduction 359 (32 900), 395 (29 000), 638 (24 100), 676 (@7)8702 (50 100)  -0.5510-0.85
4b :M=Cu, neutral 361 (47 800), 395 (47 800), 638 (46 400), 676 (89)4700 (128 800) Resting state
4b* : M=Cu, P oxidation 340 (70 000), 638 (60 700), 678 (54 100) 0.35t0 0.60
4b**: M=Cu, 2 oxidation 340 (51 700), 482 (40 300), 638 (21 100) 0.85101.35

a Resting (neutral) statevalues are as per Table 1, but due to the conisigoanning of potential while recording
UV/vis spectra, precision for the reduced or oxdispecies are only 3 significant figuredpplied potential ranges
to the OTTLE cell to cause the observed spectras@iianges. Applied potentials differ from Tablbe&ause the

OTTLE cell potentials are referencidsitu to a silver wire.

4, Conclusions

An X-ray photoelectron spectroscopy study of thetaieee tetrabenzoporphyrin
derivativesla (only CH atom groups at the four meso positioBa)(one nitrogen atom and three

CH atom groups at the four meso positiorgg,(a nitrogen atom at each of two of the meso
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positions) andta (nitrogen atoms at three of the four meso posshisavealed that it is possible to
differentiate between all three types of nitrogeomnes in the structure. The binding energy a&dN
atoms ¢a. 398.5 eV) is in between those of the inner co@9.8 eV) and NH atoms (399.7 eV).
Upon copper coordination, all three nitrogen typaks coalesce into one with binding enecgy
398.2 eV. The UV/vis spectra of compounds of tpe4 showed that Q-band peak maxima red-
shifts to longer wavelengths and the Soret band pesxima blue-shifts to shorter wavelengths
with increasing number of meso nitrogen atoms. @opbraneously, the extinction coefficients of
the Soret band decreased while those of the Q-lmmnelased. These changes could be related to
the relative electron density on each macrocyclgressed as the sum of electronegativities of
meso atom group&xr. The electrochemical fingerprints of the compoumdgstigated consisted
of two oxidative and two reductive redox stepshia potential window of the solvent (QEl2)
except forlb and2b where copper coordination caused the second ligdugtdox step to move
outside the negative potential limit of the solve@bmputational chemical methods using DFT
confirmed 1b to involve a Cu(ll) reduction prior to ring-basedductions. In addition, DFT
calculations showed that f@b, Cu(ll) reduction as the first reductive step myofeasible if the
non-peripheral substituents, R, are hydrogen. Hewewhen R = Me it becomes the second
reduction process; when R is ethyl, propyl or hakydecomes the third reductive process. Again,
redox potentials for all four redox processes camdbated to the relative electron density on each
macrocycle Xxr. However, the electrochemically determined HOMOM gap, [E (first anodic
process) — &first cathodic process)] could not be linearlyatet toAmax of the Q-bands, thereby
indicating the value of Q-bardhaxis not uniquely governed by the simple one-orhirehtment of

electrochemical determined HOMO-LUMO gaps.
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